The BRCA1 tumor-suppressor protein has been implicated in the regulation of transcription, DNA repair, proliferation, and apoptosis. BRCA1 is expressed in many proliferative tissues and this is at least in part due to E2F-dependent transcriptional control. In this study, inactivation of a conditional murine Brca1 allele was achieved in a variety of epithelial tissues via expression of the Cre recombinase under the control of a keratin 5 (K5) promoter. The K5 Cre:Brca1 conditional knockout mice exhibited modest epidermal hyperproliferation, increased apoptosis, and were predisposed to developing tumors in the skin, the inner ear canal, and the oral epithelium after 1 year of age. Overexpression of the E2F1 transcription factor in K5 Cre:Brca1 conditional knockout mice dramatically accelerated tumor development. In addition, Brca1 heterozygous female mice that had elevated E2F1 expression developed tumors of the reproductive tract at high incidence. These findings demonstrate that in mice Brca1 functions as a tumor suppressor in other epithelial tissues in addition to the mammary gland. Moreover, inactivation of Brca1 is shown to cooperate with deregulation of the Rb-E2F1 pathway to promote tumorigenesis.
Introduction
A total of 50% of all familial breast cancers and 90% of all combined familial breast and ovarian cancers have germline mutations in the BRCA1 gene Hill et al., 1997) . The majority of the germline mutations are truncations, which result in termination of translation, producing a nonfunctional or unstable protein product (Couch and Weber, 1996) . Somatic mutations in BRCA1 are very rare in sporadic breast and ovarian cancers although expression of BRCA1 may be inactivated by promoter methylation in some tumors Baldwin et al., 2000; Bianco et al., 2000; Rice et al., 2000; Esteller et al., 2001) . Studies in mice have revealed that BRCA1 function is required for embryonic growth and development (Gowen et al., 1996; Hakem et al., 1996; Liu et al., 1996; Ludwig et al., 1997; Shen et al., 1998) . Unlike humans, mice heterozygous for a mutant Brca1 allele have not been reported to be tumor prone (Hakem et al., 1996; Liu et al., 1996; Ludwig et al., 1997) . However, using Cre-lox technology it has been shown that inactivation of murine Brca1 in the luminal epithelium of the mammary gland can lead to tumorigenesis after a long latency (Xu et al., 1999a) .
The mechanism by which loss of BRCA1 function leads to breast and ovarian cancer is unclear. BRCA1 is expressed not only in hormonally regulated tissues such as the mammary gland, uterus, and testes, but also in nonhormonally regulated tissues including the epidermis, thymus, and oral epithelium Lane et al., 1995; Marquis et al., 1995) . BRCA1 expression is cell cycle regulated and is highest in tissues undergoing rapid proliferation (Chen et al., 1996; Gudas et al., 1996; Vaughn et al., 1996) . Consistent with this expression pattern, the BRCA1 promoter contains a functional binding site for the E2F family of transcription factors (Wang et al., 2000) . The BRCA1 promoter responds to positive and negative regulators of the cell cycle, such as Rb, cyclin D1, and p16
INK4a
, through this E2F binding site (Wang et al., 2000) . The phosphorylation status of BRCA1 is also cell cycle regulated. During late G 1 and S phases, BRCA1 becomes hyperphosphorylated and in early M phase it is dephosphorylated (Chen et al., 1996; Vaughn et al., 1996; Ruffner and Verma, 1997; Ruffner et al., 1999) . Cell cycle regulated phosphorylation of BRCA1 occurs through the interaction of cdk2 and possibly cdk6 and their associated cyclins A and D, respectively (Chen et al., 1996; Ruffner et al., 1999) . Together, these findings imply a general role for BRCA1 in cell proliferation.
BRCA1 can negatively regulate cell proliferation (Holt et al., 1996; Randrianarison et al., 2001 ) and this appears to be related to BRCA1's ability to modulate the transcription of a number of cell cycle regulatory genes. A role for BRCA1 in transcriptional regulation was first suggested by the finding that BRCA1 is found in RNA polymerase II-containing complexes (Scully et al., 1997a) . Moreover, fusion proteins consisting of BRCA1 linked to the GAL4 DNA-binding domain are able to transcriptionally activate reporters containing GAL4 DNA-binding sites (Chapman and Verma, 1996; Monteiro et al., 1996) . BRCA1 physically associates with several transcriptional coactivators and repressors, including CtIP, p300/CBP, Rb, HDAC1, RbAp46, and RbAp48 (Yu et al., 1998; Yarden and Brody, 1999; Pao et al., 2000) . In addition, BRCA1 interacts with several DNA-binding transcription factors. Interaction of BRCA1 with c-myc and the estrogen receptor is associated with repression of transcription (Wang et al., 1998; Fan et al., 1999) . On the other hand, interaction of BRCA1 with the p53 tumor suppressor enhances p53-dependent transcriptional activation of genes such as p21 and bax (Ouchi et al., 1998; Zhang et al., 1998) . BRCA1 can also regulate the expression of p21 and Gadd45 in a p53-independent manner (Somasundaram et al., 1997; Harkin et al., 1999) .
A role for BRCA1 in DNA repair and the maintenance of genomic integrity has also been established. The BRCA1 protein interacts with the DNA repair factor, RAD51, as well as the BRCA2 and BARD1 proteins (Wu et al., 1996; Scully et al., 1997c) . These proteins colocalize in nuclear foci, termed 'dots', that dissipate upon DNA damage and may reappear at replication structures containing PCNA (Scully et al., 1997b) . This response to DNA damage appears to involve the phosphorylation of BRCA1 by ATM and other checkpoint kinases (Cortez et al., 1999; Gatei et al., 2000 Gatei et al., , 2001 Lee et al., 2000; Tibbetts et al., 2000) . Embryonic stem cells from Brca1 À/À embryos demonstrate genetic instability and accumulate chromosomal abnormalities that are thought to arise through unrepaired DNA damage (Shen et al., 1998; Xu et al., 1999b) . BRCA1-deficient embryonic stem cells have also been shown to be defective in their ability to repair thymine glycols after oxidative damage, suggesting a role for BRCA1 in transcription-coupled repair (Gowen et al., 1998) .
In this study, we used a Brca1 allele in which exon 11 is flanked by loxP sites (floxed) (Xu et al., 1999a) and a transgene expressing Cre recombinase under the control of a K5 promoter to generate conditional knockout mice. The K5 promoter is active in a variety of epithelial tissues including the basal layer of the epidermis, epithelium of the oral and sinus cavity, esophagus, bladder, prostate, vagina, and the myoepithelium of the mammary gland (Ramirez et al., 1994; Pierce et al., 1998a Pierce et al., , 1999 . These tissues include many of the tissues that have been shown to express Brca1 (Lane et al., 1995; Marquis et al., 1995) . We find that K5 Cre:Brca1 conditional knockout mice exhibit a modest increase in epidermal proliferation and apoptosis and develop spontaneous tumors in the skin, the epithelium of the inner ear canal, and the oral epithelium after 1 year of age. Given that Brca1 is a transcriptional target of E2F1 and that BRCA1 may regulate E2F-dependent transcription through its interaction with Rb, we also examined the effect of Brca1 disruption on the activity of E2F1 in this model system. We find that the inactivation of Brca1 does not significantly affect E2F1-induced proliferation or apoptosis, but that it does cooperate with deregulated E2F1 activity to promote tumorigenesis.
Materials and methods

Brca1 targeting and transgenic mice
Mice with the mutant and conditional Brca1 alleles have been described (Shen et al., 1998; Xu et al., 1999a) . The K5 Cre recombinase transgene was made by cloning the lambda bacteriophage Cre recombinase cDNA into a plasmid containing the bovine K5 promoter (Ramirez et al., 1994; Brakebusch et al., 2000) . Founder transgenic mice were made by injecting the purified transgene into the pronuclei of zygotes, and then implanting the zygotes into pseudo-pregnant female mice. The established transgenic line was maintained in a 129SV/C57BL/6 background. The generation of K5 E2F1 transgenic mice has been described (Pierce et al., 1998a) . Briefly, the transgene contains the bovine K5 promoter, the rabbit b-globin intron 2, the simian virus 40 polyadenylation signal, and the human E2F1 cDNA.
Genotyping
K5 E2F1 transgenic mice were genotyped by PCR amplification of sequences specific for the b-globin intron and/or human cDNA from tail genomic DNA. The K5 Cre transgenic mice were genotyped using primer a, 5 0 -GCCTGCATTACCGG-TCGATGCAACGA-3 0 , and primer b, 5 0 -GTGGCAGATGG-CGCGGCAACACCATT-3 0 , which amplify a 700 bp band by PCR. Mice carrying the mutant Brca1 allele and/or the conditional Brca1 allele were genotyped by PCR amplification as described (Shen et al., 1998; Xu et al., 1999a) . K5 Cre: Brca1 þ /À males or K5 E2F1:K5 Cre:Brca1 þ /À males were bred with Brca1 co/co females for generation of the conditional knockout mice.
Southern blot analysis
For Southern hybridization, DNA from the epidermis of 6-8-week-old mice was sequentially extracted with buffersaturated phenol (Boehringer Mannheim), phenol : chloroform : isoamyl alcohol (25 : 24 : 1), and chloroform : isoamyl alcohol (24 : 1), and precipitated with 0.1 volume of 3 m sodium acetate (pH 5.2)/1.0 volume isopropanol overnight at À201C. DNA (5 mg) was digested with Xba1 and run on 0.7% agarose gel overnight at 30 V. The gel was denatured in 1.5 m NaCl, 0.5 n NaOH for 45 min with gentle agitation, rinsed in water, and incubated in neutralizing solution (1 m Tris pH 7.4, 1.5 m NaCl) twice for 20 min. After an overnight transfer onto Hybond XL nylon membrane (Amersham) in 10 Â SCC, the membrane was crosslinked with a UV Stratalinker 2400. The membrane was prehybridized in 10 Â Denhardt, 4 Â SET (20 Â SET: 300 ml 5 m NaCl, 200 ml 1 m Tris-HCl (pH 8.0), and 20 ml 0.5 m EDTA (pH 8.0)), 0.1% SDS, 0.1% sodium pyrophosphate, and 100 mg/ml denatured salmon testes DNA (Sigma) for a minimum of 4 h at 651C. The membrane was hybridized in the same solution overnight at 651C with a cDNA probe for intron 12 (Xu et al., 1999a) . Before exposing to film, the membrane was washed two times for 15 min at 651C with 0.4 Â SET, 0.1% SDS, and 0.1% sodium pyrophosphate.
RT-PCR analysis of BRCA1 expression
Mouse epidermal RNA was isolated from dorsal skin by submerging the skin in DEPC-treated H 2 O at 551C for 30 s and transferring the skin to DEPC-treated H 2 0 at 41C for 30 s. The skin was placed in Tri Reagent (Molecular Research Center, Cincinnati, OH, USA) on ice in an RNAse-free glass 10-cm dish, and the epidermis was scrapped off using a scalpel. Epidermal scrapes were transferred to a corex tube and extracted as per the manufacturer's protocol. Total RNA (10 mg) was DNase treated with 10 U of RQ1-RNase free DNase (Promega, Madison, WI, USA) at 371C for 30 min in a final volume of 20 ml (6.0 mm MgSO 4 ). Stop solution (2 ml) was added according to the manufacturer's protocol and heated to 651C for 10 min. To eliminate secondary structure, 2 mg of DNase-treated total RNA for each sample was heated to 751C for 5 min with 5 mm Random Decamers (Ambion, Austin, TX, USA) and 0.5 mm dNTPs, and then placed on ice. The reverse transcription was carried out with 300 U of Superscript III (Invitrogen, Carlsbad, CA, USA) at 501C for 90 min, with 1 U RNaseOUT (Invitrogen) (10.0 mm Tris-HCl, pH 8.3; 50.0 mm KCl; 1.5 mm MgCl 2 ), then heated to 951C for 10 min. To control for loading, PCR analysis of the mouse RAS gene (192 bp) was performed (941C, 30 s; 551C, 45 s; 721C, 45 s; 30 cycles) using the following primers: rasF, 5
0 -GACTCCTACC-GGAAACAGGT-3 0 and rasR, 5 0 -TGATGGATGTCCTCG AAGGA-3 0 . For BRCA1 PCR analysis, we used the following primers: exon 3F primer, 5 0 -AGGGAAG CACAAGGTT-TAGTCAG-3 0 ; exon 6R primer, 5 0 -GGGTCTGCCTGTTTT TCTTCACT-3 0 ; exon 11F primer, 5 0 -CCAACAGCCTGG-CATAGCAG-3 0 ; and exon 11R primer, 5 0 -GATGAAGT-CCTCAGGTTGAAG-3 0 ; exon 6F primer, 5 0 GAAGAAAAA CAGGCAGACCCAAC-3 0 ; and exon 12R primer, 5 0 CTCT-GCGAGCAGTCTTCAGAAAG-3 0 . Primers exon 3F and exon 6R (941C, 30 s; 581C, 45 s; 721C, 1 min; 34 cycles) amplify a 291 bp PCR product in the N-terminus of the mouse Brca1 mRNA. Primers exon 11F and exon 11R (941C, 30 s; 601C, 45 s; 721C, 45 s; 34 cycles) amplify a 619 bp exon 11-specific PCR product. Primers exon 6F and exon 12R (941C, 30 s; 581C, 45 s; 721C, 1 min; 34 cycles) flank exon 11 and amplify a 229 bp PCR product only when exon 11 is absent. PCR products were analysed by electrophoresis through 2.0% agarose gels containing ethidium bromide and the gels were photographed under ultraviolet illumination.
BrdU incorporation
Mice were injected with 170 ml of 20 mm 5 0 -bromo-3 0 -deoxyuridine (BrdU, Sigma), allowed to incorporate for 30 min and sacrificed. Skin samples were collected, fixed in 10% neutral buffered formalin, and paraffin-embedded. Tissue sections were then deparaffinized and fixed in methanol containing 1% hydrogen peroxide for 20 min. Tissue sections were rinsed with PBS containing 0.1% BSA three times for 5 min each. Slides were preincubated with normal goat serum for 20 min before addition of primary BrdU antibody (1 : 500, Becton Dickinson). The sections were incubated for 20 min, rinsed with PBS/BSA, and then incubated with biotinylated anti-rabbit IgG for 30 min. The slides were rinsed with PBS/BSA and developed with streptavidinhorseradish peroxidase conjugate and diaminobenzidine (DAB) substrate. The tissue sections were rinsed again and counterstained before mounting. To determine percent incorporation, the number of unstained and DAB-stained interfollicular basal cells (approximately 1000) were counted at Â 40.
Activated caspase 3, keratin 5, and E2F1 immunohistochemistry
Activated caspase 3, K5, and E2F1 immunohistochemistry was performed on formalin-fixed, paraffin-embedded skin sections. Tissue sections were deparaffinized and then boiled in 10 mm citrate buffer (pH 6.0) for 10 min for antigen retrieval. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in methanol for 10 min. Tissue sections were washed with water. Slides were preincubated with normal goat serum for 30 min before the addition of the primary antibody. The slides were incubated for 30 min with either a rabbit antihuman/anti-mouse caspase 3 antibody (1 : 1000, R&D Systems, Inc.), a rabbit anti-mouse K5 antibody (1 : 500, BAbCO), or a rabbit anti-human E2F1 antibody (1 : 500, Santa Cruz Biotechnology). Afterwards, the sections were rinsed with PBS, and then incubated with biotinylated anti-rabbit IgG for 30 min. The slides were rinsed with PBS and developed with streptavidin-horseradish peroxidase conjugate and DAB substrate. The tissue sections were rinsed again and counterstained before mounting. Caspase 3-positive basal epidermal cells were counted along 10 mm of linear skin at Â 40.
Results
Development of K5 Cre:Brca1 conditional knockout mice
A K5 Cre recombinase transgene was generated by subcloning the bacteriophage Cre recombinase cDNA into a vector containing the bovine K5 promoter, the rabbit b-globin intron and the SV40 polyadenylation signal (Ramirez et al., 1994; Pierce et al., 1998a; Brakebusch et al., 2000) . The K5 promoter drives expression of the Cre recombinase to the basal cell layer of the epidermis and several other epithelial tissues that have been shown to express Brca1 (Ramirez et al., 1994; Lane et al., 1995; Marquis et al., 1995; Pierce et al., 1998a) . To generate K5 Cre:Brca1 conditional knockout mice (K5 Cre:Brca1 co/À ), the K5 Cre transgene was first introduced into a Brca1 þ /À background. The Brca1 null allele is disrupted by insertion of the pGKneo cassette into intron 10 deleting 330 bp of intron 10 and 407 bp of exon 11, including the splice acceptor for exon 11 (Shen et al., 1998) . Male K5 Cre:Brca1 þ /À mice were then mated to Brca1 co/co homozygous female mice. The Brca1 co/co mice contain two copies of the Brca1 conditional allele, where loxP sites flank exon 11 (Xu et al., 1999a) . In the presence of Cre recombinase, exon 11 is deleted resulting in an alternative Brca1 transcript lacking exon 11. Exon 11 encodes approximately 60% of the BRCA1 protein and contains the two nuclear localization signals (Lane et al., 1995; Thakur et al., 1997; Wilson et al., 1997) , as well as the sites of interaction for many of the proteins that associate with BRCA1 (Scully et al., 1997b, c; Wang et al., 1998; Aprelikova et al., 1999; Zhong et al., 1999) . The BRCA1 protein product lacking exon 11-encoded amino acids is inactive for many BRCA1 functions, but has been shown to modestly extend the viability of Brca1 mutant embryos (Thakur et al., 1997; Wilson et al., 1997; Xu et al., 1999b; Huber et al., 2001) .
We verified Cre-mediated excision of exon 11 in the epidermis of Brca1 conditional knockout mice by Southern blot analysis using an intron 12-specific probe (Figure 1a) . Expression of Brca1 was analysed by RT-PCR using cDNA made from mouse epidermal RNA. As expected, all genotypes expressed a Brca1 transcript that contained exons 3-6 from the 5 0 end of the Brca1 gene (Figure 1b) . Mice that were wild type or hemizygous for Brca1 expressed transcripts that contained exon 11, as indicated by a PCR product specific to exon 11 sequences (Figure 1b, lanes 2 and 3) . However, K5 Cre:Brca1 co/À conditional knockout mice lacked detectable levels of transcript containing exon 11 (Figure 1b, lane 4) . Instead, a transcript lacking exon 11, D exon 11, was detected in K5 Cre:Brca1 co/À mice but not in wild-type or hemizygous mice. Previous studies have demonstrated that the conditional Brca1 allele functions similar to the wild-type allele in the absence of Cre recombinase (Xu et al., 1999a) . K5 Cre:Brca1 co/À mice were born at the expected ratio, were completely viable, and did not appear to have any gross abnormalities.
Increased epidermal proliferation and apoptosis in K5 Cre:Brca1 co/À mice Skin samples were taken from 6-8-week-old K5 Cre: Brca1 co/À mice as well as K5 Cre:Brca1 co/ þ , Brca1 co/À , and Brca1 co/ þ littermates to analyse proliferation and apoptosis in the epidermis. For the purpose of these studies, the conditional allele was treated as a wild-type allele when Cre was not present. In Brca1 co/ þ mice, 3.1% of interfollicular basal layer keratinocytes were in the S phase, as measured by BrdU incorporation (Figure 2a) . This is consistent with previous measurements of epidermal proliferation in wild-type mice. In mice heterozygous for a functional Brca1 allele, either Brca1 co/À or K5 Cre:Brca1 co/ þ , the average percent of basal keratinocytes was slightly increased compared to wild-type mice, but this was not statistically significant. In contrast, K5 Cre:Brca1 co/À conditional knockout mice did have a statistically significant (Po0.01) increase in the level of epidermal proliferation, which was double (6.6%) the level observed in wild-type mice. It should be noted that the presence of the Cre transgene appeared to RT-PCR analysis was performed for Brca1 exons 3-6, exon 11, and Cre-mediated exon 11 deletion (Dexon 11), as indicated using 2.0 mg of total RNA isolated from 6-8-week-old mice from the following genotypes: þ / þ background, but again this was not statistically significant (data not shown).
Deletion of Brca1 exon 11 leads to embryonic lethality associated with elevated apoptosis (Gowen et al., 1996; Xu et al., 2001) , and conditional inactivation of Brca1 has been shown to elevate apoptosis in the epithelium of the mammary gland (Xu et al., 1999a) . To determine the extent of apoptosis in the epidermis of K5 Cre:Brca1 co/À mice, the expression of activated caspase 3 was assessed by immunohistochemistry. The number of cells staining positive for activated caspase 3 was significantly elevated in the epidermis of mice with increasing loss of Brca1 gene dosage (Po0.01) (Figure 2b ). Despite these observed changes in epidermal homeostasis, no obvious histological difference was observed in the skin of conditional knockout mice and the thickness of the epidermis was similar among genotypes (data not shown).
Spontaneous tumor development in K5 Cre:Brca1 co/À mice
To determine if Brca1 inactivation in K5-expressing tissues would contribute to tumor development, K5 Cre:Brca1 co/À mice, along with K5 Cre:
, and Brca1 co/ þ littermates, were maintained without treatment for approximately 20 months (88 weeks). K5 Cre:Brca1 co/À mice developed tumors beginning after 1 year of age and by 88 weeks of age, 13 of 18 mice (72%) had developed tumors (Figure 3) , which was significantly different from Brca1 þ /À , K5 Cre:Brca1 co/ þ , and Brca1 co/ þ mice (Po0.001). Less than 5% of the wildtype or heterozygous littermates developed a tumor by 88 weeks of age. One Brca1 co/À mouse developed squamous cell carcinomas (SCC) of the stomach at 83 weeks of age, while no K5 Cre:Brca1 co/ þ mice developed a tumor by 88 weeks of age. The majority of the tumors that formed in K5 Cre:Brca1 co/À mice were SCC of the inner ear canal (Figure 4a and c) and oral epithelium (Figure 4e) (Table 1) . In one case, a tumor from the inner ear canal had the appearance of a basal cell carcinoma. Analyses of the tumors from the inner ear canal indicated that they originated from K5-expressing epithelium (Figure 4b and d) . Tumors from the oral epithelium also originated from K5-expressing tissue (Figure 4f ). The remaining K5-expressing tumors from K5 Cre:Brca1 co/À mice occurred in the skin and vagina. Two K5 Cre:Brca1 co/À mice developed tumors that were not epithelial in origin, a sarcoma of the gastrointestinal tract and a diffused lymphoma. Six K5 Cre:Brca1 co/À mice died from unknown causes during the 88-week period and were excluded from this study.
Inactivation of Brca1 does not modulate E2F1-induced proliferation or apoptosis
The Brca1 gene is a transcriptional target of the E2F1 transcription factor (Wang et al., 2000; Polager et al., 2002) . This was initially discovered when it was found that Brca1 expression is elevated in the epidermis of K5 E2F1 transgenic mice using the RAGE technique . Similar to K5 Cre:Brca1 co/À mice, K5 E2F1 transgenic mice have elevated levels of epidermal proliferation and apoptosis and develop tumors in the skin and some other epithelial tissues after 1 year of age (Pierce et al., 1998a (Pierce et al., , b, 1999 . To examine the effect of Brca1 inactivation on E2F1 activities in this model system, the K5 E2F1 transgene was introduced into K5 Cre:Brca1 co/À mice. To generate K5 E2F1:K5 Cre: Brca1 co/À mice, male K5 Cre:Brca1 þ /À mice were bred to K5 E2F1 transgenic female mice from the lowexpressing E2F1.1 line (Pierce et al., 1998a) . Male K5 E2F1:K5 Cre:Brca1 co/À mice were then bred to Brca1 co/co homozygous female mice. From this mating, it was expected that 12.5% of the offspring would be K5 E2F1:K5 Cre:Brca1
, but the observed ratio of this genotype was actually 6.25% (10 out of 160). Of these 10 mice, five were killed at 6-8 weeks of age to examine the phenotype of the epidermis and five were maintained without treatment.
Skin samples from K5 E2F1:K5 Cre:Brca1 co/À mice and their littermates were used to analyse epidermal proliferation and apoptosis as described previously. Inactivation of one or both alleles of Brca1 in the epidermis of K5 E2F1 transgenic mice had no significant effect on the percent of basal layer keratinocytes in the S phase compared to K5 E2F1 transgenic mice with wild-type Brca1 status (Figure 5a ). The level of apoptosis, as measured by activated caspase 3 staining, was modestly elevated in K5 E2F1 transgenic mice when one or two copies of Brca1 were inactivated (Figure 5b) . However, the level of apoptosis in K5 E2F1:K5 Cre:Brca1 co/À mice was similar to the level of apoptosis observed in K5 Cre:Brca1 co/À mice (Figure 2b) . We conclude that inactivation of Brca1 does not have a significant effect on the proliferative or apoptotic activities of E2F1 in this model system. Conversely, overexpression of E2F1 has no significant effect on the proliferative and apoptotic phenotype of epidermis from Brca1 conditional knockout mice. Figure 3 The conditional inactivation of Brca1 in K5-expressing tissues accelerates tumorigenesis. K5 Cre:Brca1 co/À mice were generated and monitored along with Brca1 co/ þ , Brca1 co/À , and K5 Cre:Brca1 co/ þ mice for tumor formation. Tumor appearance and incidence in the K5 Cre:Brca1 co/À mice (n ¼ 18) were significantly different (Po0.001) from Brca1 co/ þ (n ¼ 17), Brca1 co/À (n ¼ 21), and K5 Cre:Brca1 co/ þ mice (n ¼ 13) using Kaplan-Meier statistical methods with pairwise log-rank test co/À and K5 E2F1:Brca1 co/ þ littermates were maintained for over a year. K5 E2F1 transgenic mice with wild-type Brca1 developed tumors after 1 year of age, and by 70 weeks 50% had developed tumors ( Figure 6 ). This is highly consistent with previous tumor incidence studies of K5 E2F1 transgenic mice . In contrast, by 45 weeks of age, all K5 E2F1:K5 Cre:Brca1 compared to K5 E2F1 transgenic mice with wild-type Brca1 (Figure 6 ).
The majority of tumors that develop in K5 E2F1 transgenic mice occur in the skin, with a relatively low incidence of tumors in the oral cavity and vagina . Tumors in the K5 E2F1:K5 Cre:Brca1 co/À mice also developed primarily in the skin. These tumors were all SCC of the skin, with the exception of one mouse that also had an SCC of the oral epithelium ( Table 2 ). The majority of tumors from five male K5 E2F1 transgenic mice heterozygous for Brca1 (K5 E2F1:Brca1 co/À ) were also SCC of the skin, with two mice having an SCC of the oral epithelium. In contrast, female K5 E2F1:Brca1 co/À mice appeared to be highly predisposed to tumors of the reproductive tract ( Table 2 ). All of the female K5 E2F1:Brca1 co/À mice acquired a tumor. The majority of tumors were from the cervix (two papillomas and six SCC) and vaginal epithelium (seven SCC). Of the eight K5 E2F1:Brca1 co/À mice that developed SCC of the cervix, four also developed SCC of the vagina. The remaining female mice developed tumors in the oral epithelium. Only one K5 E2F1:Brca1 co/À mouse developed a tumor in a non-K5-expressing tissue, which was an adenocarcinoma of the mammary gland. We also generated K5 E2F1:K5 Cre:Brca1 þ /À and K5 E2F1:K5 Cre:Brca1 co/ þ littermates from the K5 E2F1:K5 Cre:Brca1 co/À and Brca1 co/co breeding. Some of these littermates were maintained without treatment for over a year, but were not included in Figure 6 and Table 2 , even though they developed tumors around the same time and in the same tissues as K5 E2F1:Brca1 co/À mice. Given the fact that K5 E2F1:Brca1 co/À mice develop tumors of the cervix and K5 expression in the human reproductive tract occurs in the ectocervical epithelium and endocervical epithelium (Smedts et al., 1992) , we examined the pattern of expression of K5 in the cervix of wild-type mice. In a normal adult female reproductive tract, we observed positive K5 expression throughout the cervix including the basal layer (Figure 7b ). K5 expression was also observed in the reserve cells of the squamocolumnar junction (SCJ) (Figure 7d ). Cervical The average number of apoptotic cells per 10 mm of interfollicular skin from the same four genotypes. At least five mice in each group were used to perform each of the above calculations Figure 6 The conditional inactivation of Brca1 in K5 E2F1 transgenic mice accelerates spontaneous tumor development. K5 E2F1:K5 Cre:Brca1 co/À mice were generated and monitored along with K5 E2F1:Brca1 co/À and K5 E2F1:Brca1 co/ þ mice for spontaneous tumor formation. Tumorigenesis in K5 E2F1:K5 Cre:Brca1-co/À mice (n ¼ 5) was significantly different (Po0.001) from K5 E2F1:Brca1 co/À (n ¼ 19) and K5 E2F1:Brca1 co/ þ mice (n ¼ 6). K5 E2F1:Brca1 co/À mice appeared to originate from K5-expressing squamous epithelium since all tumors stained positive for K5 expression (Figure 8b and e) . We also confirmed expression of the E2F1 transgene in the squamous epithelium of the cervix and in the tumors (Figure 8c, f ) .
Discussion
Inheritance of a mutant BRCA1 allele predisposes women to breast and ovarian cancer Hill et al., 1997) . In mice, inactivation of one allele of Brca1 does not produce a phenotype and has limited impact on neoplasia, while the deletion of both alleles results in embryonic lethality (Gowen et al., 1996; Hakem et al., 1996; Liu et al., 1996; Ludwig et al., 1997) . Recent advances in mouse-modeling technology have made it possible to create conditional knockout mice to overcome embryonic lethality. This was achieved with the Brca1 gene in mice by flanking exon 11 with loxP sites and mating them to mice that overexpress the Cre recombinase in the mammary gland by using the Wap or MMTV promoters (Xu et al., 1999a) . Wap-Cre:Brca1 and MMTV-Cre:Brca1 conditional knockout mice were viable, but had blunted ductal development of the mammary glands and increased mammary epithelial apoptosis. Mammary tumor formation occurred between 10 and 13 months of age in approximately 20% of female mice with conditional inactivation of Brca1 in the luminal epithelium (Xu et al., 1999a) . Mammary tumors from these mice contain several genetic abnormalities that are similar to human BRCA1-associated tumors (Weaver et al., 2002) . Thus, the Wap-Cre:Brca1 and MMTV-Cre:Brca1 conditional knockout mice appear to be good models for BRCA1-associated breast cancer in humans. Expression of Brca1 in the developing embryo and adult mouse occurs in a variety of proliferative tissues including the epidermis, uterus, and oral epithelium (Lane et al., 1995; Marquis et al., 1995) . To better understand the role of Brca1 in regulating tissue homeostasis and tumor suppression in these tissues, we have targeted the conditional deletion of Brca1 exon 11 using a K5 Cre transgene. The K5 promoter is expressed in the basal layer of the epidermis and in many of the same epithelial tissues where Brca1 is expressed (Ramirez et al., 1994; Lane et al., 1995; Marquis et al., 1995) . An additional advantage of directing the Cre recombinase to the epidermis is the ability to assess easily the effects of Brca1 inactivation on proliferation, apoptosis, and tumorigenesis all in the same primary tissue.
We found that the conditional inactivation of Brca1 in the epidermis results in increased proliferation and apoptosis of basal keratinocytes. Although an increase in proliferation due to the conditional inactivation of Brca1 in the mammary gland was not observed (Xu et al., 1999a) , in vitro evidence suggests that the loss of BRCA1 expression can lead to increased cell proliferation. An increase in proliferation has been observed using antisense oligonucleotides to BRCA1 in both normal and malignant breast epithelial cells (Thompson et al., 1995) , or when antisense Brca1 cDNA was transfected into NIH3T3 cells (Rao et al., 1996) . Conversely, ectopic expression of wild-type BRCA1 in mammary or ovarian tumor cells can inhibit cell proliferation (Holt et al., 1996; Randrianarison et al., 2001) . Moreover, when the same tumor cells are transfected with either a 5 0 truncation of exon 11 or an internal exon 11 deletion of BRCA1, cell proliferation is not inhibited (Holt et al., 1996) . Consistent with the previous study of adult mammary glands lacking functional Brca1 (Xu et al., 1999a) , the conditional inactivation of Brca1 in the epidermis also increased the levels of apoptosis. K5 Cre:Brca1 co/À mice were predisposed to developing spontaneous tumors, which is also similar to the conditional inactivation of Brca1 in the mammary gland (Xu et al., 1999a) . In agreement with the Wap-Cre:Brca1 co/À and MMTVCre:Brca1 co/À mice, K5 Cre:Brca1 co/À mice developed tumors in tissues that expressed the Cre recombinase after a long latency. Spontaneous tumors developed in the K5 Cre:Brca1 co/À mice beginning at 53 weeks of age, and by 88 weeks of age approximately 72% of mice had developed tumors. The majority of the tumors in the K5 Cre:Brca1 co/À mice were SCC of the inner ear canal, oral epithelium, and skin. Tumors did not develop from the myoepithelium of the mammary gland, where K5 expression also occurs. These data demonstrate that Brca1 functions as a tumor suppressor in tissues other than the mammary gland in mice. A previous study in which a hypomorphic, truncating allele of Brca1 was introduced into mice also supports a broad role for BRCA1 in suppressing tumorigenesis in a variety of epithelial, as well as nonepithelial, tissues (Ludwig et al., 2001) . Interestingly, population studies on BRCA1- associated kindreds and mutational analysis of loss of heterozygosity for BRCA1 in various tumors suggest that BRCA1 loss could contribute to the development of other tumor types in humans, including SCC of the skin as well as the head and neck (Johannsson et al., 1999; Tong et al., 2000) .
Deregulation of the p16
INK4a
-cyclin D-Rb-E2F pathway is a very common event in human cancers (Sherr, 1996) . A number of links between the Rb-E2F pathway and BRCA1 have been observed. The human BRCA1 and mouse Brca1 gene promoters contain a conserved E2F DNA-binding site that regulates Brca1 expression in response to Rb, cyclin D1, and p16
INK4a (Wang et al., 2000) . Upregulation of Brca1 expression by E2F1 has been shown to occur in cell culture and in K5 E2F1 transgenic mice Polager et al., 2002) . BRCA1 has also been found to physically associate with Rb though a domain encoded by exon 11 of the BRCA1 gene (Aprelikova et al., 1999) . Furthermore, this BRCA1-RB complex interacts with the histone deacetylase complexes through the BRCA1 carboxyl-terminal domain and the Rb-binding proteins RbAp46 and RbAp48 (Yarden and Brody, 1999) . The interaction between BRCA1 and Rb may be important for BRCA1's ability to regulate proliferation since BRCA1 cannot induce growth arrest in cells lacking Rb (Aprelikova et al., 1999) . These findings suggest that BRCA1 may regulate proliferation by cooperating with Rb to inhibit E2F-dependent transcription and that upregulation of BRCA1 by E2F1 may function as a negative feedback mechanism to limit the E2F-proliferative signal.
Despite the evidence that BRCA1 may regulate E2F activity, inactivation of Brca1 had no effect on keratinocyte proliferation in the K5 E2F1 transgenic mouse model system. Brca1 inactivation also had little effect on aberrant apoptosis in K5 E2F1 transgenic epidermis. Nonetheless, inactivation of Brca1 in K5 E2F1 transgenic mice did significantly accelerate tumorigenesis. The mechanism for this cooperation between Brca1 inactivation and E2F1 overexpression is unclear but may be related to the decreased genomic stability associated with the loss of Brca1. A number of studies have shown that inactivation of Brca1 leads to genetic instability characterized by aneuploidy and chromosomal rearrangements (Shen et al., 1998; Xu et al., 1999a, b; Weaver et al., 2002) . Loss of p53 function is also associated with tumors lacking BRCA1 from both mice (Xu et al., 1999a (Xu et al., , 2001 Weaver et al., 2002) and humans (Crook et al., 1997 (Crook et al., , 1998 Eisinger et al., 1997; Rhei et al., 1998; Tong et al., 2000) . It has been demonstrated that p53 plays an important role in suppressing tumor development in response to deregulation of the Rb-E2F pathway (Howes et al., 1994; Symonds et al., 1994; Williams et al., 1994; Pierce et al., 1998b) . It is therefore quite possible that Brca1 inactivation leads to an increased rate of genetic mutations, such as p53 loss, that cooperate with increased E2F1 activity in tumorigenesis.
In summary, we have shown that the conditional inactivation of Brca1 in K5-expressing tissues increased cell proliferation and apoptosis in the epidermis and contributed to tumor formation in epithelial tissues other than the mammary gland. We also found that overexpression of the E2F1 transcription factor and conditional inactivation of Brca1 cooperated to accelerate tumor formation in a variety of epithelial tissues. These findings support roles for BRCA1 in regulating cell proliferation and apoptosis, and as a tumor suppressor that may be important for maintaining genomic stability in response to deregulation of the Rb-E2F pathway.
